INTRODUCTION
Flocculation is the natural process whereby flocculants are used to flocculate, settle and remove particles, suspended solids and colour in solutions (Cong-Liang et al., 2012) . Flocculating agents are widely used in industrial fields such as dredging, textile dyeing, mining, pharmacology, cosmetology, wastewater treatment, food and fermentation processes (Zhang et al., 1999; Salehizadeh and Shojaosadati, 2001) . Flocculants are grouped as inorganic (aluminium salts), synthetic (polyacrylamide) and natural occurring flocculants (bioflocculants and chitosan) (Okaiyeto et al., 2015) . Inorganic and synthetic organic flocculants are *Corresponding author. E-mail: sidttmaliehe@gmail.com.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License extensively used in vast biotechnological applications due to their cost effectiveness. However, they are both reported to impose health risks and environmental hazards (Salehizadeh and Shojaosadati, 2001) . Synthetic flocculants have shown adverse health effects such as neurotoxicity, carcinogenicity and cause Alzheimer's diseases (Serdar et al., 2011) . Moreover, chemical flocculants are non-degradable and their by-products are often toxic (Okaiyeto et al., 2015) . Owing to the shortcomings, the need for eco-friendly flocculants that impose less health threats is of high demand. Bioflocculants are macromolecules secreted by microorganisms due to substrate metabolism, microbial growth, cell lysis and degradation of microorganisms or microbial components (Carlos et al., 2011) . Bioflocculants lack secondary pollution and thus considered as environmental friendly substances. This is due to the special bioflocculant components (carbohydrates, proteins, nucleic acid and lipid), microbial flocculant matrix that show biodegradability adsorption abilities and hydrophilicity or hydrophobicity (More et al., 2014) . However, production costs and low flocculant yields have been restrictive factors in the industrial applicability of bioflocculants. Moreover, the lack of knowledge of the active ingredients of most bioflocculants and the mechanism involved during flocculation also decreases their market potential (Barredo, 2005) . In nature, microorganisms do not live in isolation; they coexist with many other microorganisms forming synergism and symbiosis relationships (Chapelle, 2001) . Zhu et al. (2004) and Zhang et al. (2007) have reported that the combination of strains of microorganisms in consortia produce bioflocculants that have better flocculating activity and higher bioflocculant yields than pure strains. Bacillus pumilus JX860616 and Alcaligenes faecalis HCB2 produced biofloccculants (2.4 and 2.7 g/L, respectively), with high flocculating activities of 93.3 and 92.1%, respectively. Thus, in attempt to improve the quantity and quality of the bioflocculants, a consortium of these bacterial strains was constructed and the characteristics and flocculation mechanism of the produced bioflocculant was determined.
MATERIALS AND METHODS

Bacterial strains
Bacterial strains were previously isolated from Sodwana Bay sediment in the north of KwaZulu-Natal, (RSA). The bacterial strains were identified by 16S rRNA nucleotide sequencing genes with subsequent BLAST analyses. Nucleotide sequences were placed in GenBank and the repository accession numbers were Bacillus pumilus JX860616 and Alcaligenes faecalis HCB2. The bacterial strains were then preserved in 20% glycerol stock at −80°C in the Department of Biochemistry and Microbiology, University of Zululand, (RSA).
Production media
The standard fermentation medium by Zhang et al. (2007) was used. The medium composed of glucose (20.0 g), KH2PO4 (2.0 g), K2HPO4 (5.0 g), (NH4)2SO4 (0.2 g), NaCl (0.1 g), CH4N2O (0.5 g), MgSO4 (0.2 g) and yeast extract (0.5 g) in a litre of filtered seawater and was autoclaved at 121°C for 15min.
Bacterial consortium
B. pumilus JX860616 and A. faecalis HCB2 were used in combination to construct bacterial consortium. A loopful of each strain colony was inoculated separately into 50 ml of the fermentation medium and incubated for 72 h at 30°C with the shaking speed of 165 rpm. The preculture was then used as the standard inoculum. For construction of the bacterial consortium, 1ml of the standard inoculums of bacterial strains were both inoculated into the same 50ml of the fresh fermentation medium and incubated at 30°C at the shaking speed of 165 rpm. After 72h, the culture broth was centrifuged at 8000 × g for 30 minutes at 4°C and the supernatant was used for determination of flocculating activity (FA) (Zhang et al., 2007) .
Determination of flocculating activity
The method by Kurane et al. (1986) was adapted to access the flocculating activity. 100 ml of Kaolin clay solution (4 g/1000 ml) was mixed with 3 ml of 1% w/v CaCl2 and 2 ml of obtained supernatant. The mixture was vigorously agitated, poured into measuring cylinder and left to stand at room temperature. After 5min, the optical density (OD550) was read and the flocculating activity determined using the formula:
Where A was the optical density of Kaolin suspension at 550nm and B was optical density of a sample at 550 nm.
Optimisation of flocculation conditions
The effect of the different inoculum sizes (1 to 5%) of the constructed consortium on flocculating activity were assessed (Zhang et al., 2007) . Bacterial species were cultivated in various organic carbon sources (glucose, fructose, sucrose, lactose, maltose, xylose, starch and molasses) and nitrogen sources (casein, beef extract, yeast extract, ammonium sulphate urea and peptone) for determination of suitable carbon and nitrogen sources for bioflocculant production . The concentration of 20 g/L of culture medium was used for carbon sources and 1.2 g/L for nitrogen sources. The effect of initial pH on flocculating activity was determined using a pH meter (Eutech instruments-pH 700) . The pH of the culture medium was adjusted by 0.1 M HCl and 0.1 M KOH in the range of 3 to 12. The effect of cultivating temperatures (20 to 45°C) on the flocculating activity were assessed and various metal cations (NaCl, KCl, LiCl, MnCl2, BaCl2 and FeCl3) were also used to evaluate their effect on flocculating activity by replacing the CaCl2 used in an original medium (Zhao et al., 2013) .
Time course assay
The effect of fermentation time on flocculating activity was conducted in accordance with a previous study by Cosa et al. (2013) . Bacterial cultures in consortium were incubated under obtained optimal growth conditions. From the fermentation broth, samples were drawn every 12h for 120h and the final pH and optical density (OD550) of the broth were determined. The fermentation broth was then centrifuged (8000 × g, 30 min) including the supernatant used for evaluation of FA.
Extraction and purification bioflocculant TPT -1
The extraction and purification of bioflocculant TPT -1 was done in accordance with the standard method by Chang et al. (1998) . After 72h of incubation, the culture broth was centrifuged (8000 × g, 4°C, 30min). The distilled water (1000 ml) was added to the supernatant phase and centrifuged (4000 × g, 30 min at 4°C) to remove the insoluble substances. Ethanol (2000 ml) was added to the supernatant, agitated and then left at 4°C to precipitate overnight. The precipitate was vacuum-dried and the crude product dissolved in 100ml of distilled water. Hundred millilitre of the mixture of chloroform and butanol (5:2 v/v) was then added, agitated and left to settle overnight at room temperature. The supernatant was again centrifuged (4000 × g, 4°C, 30 min) and vacuumed-dried.
Physicochemical characterisation of bioflocculant TPT -1
The morphological structure of the bioflocculant, Kaolin floc and Kaolin particles were determined by scanning electron microscope (SEM) (SEM-Sipma-VP-03-67) and the electrical charge of the bioflocculant was analysed by Malvern Zetasizer Nano. The total sugar content was evaluated by phenol-sulphuric acid method (Chaplin and Kennedy, 1994) . Ultraviolet-visible spectrophotometry was used to qualitatively determine the protein content (Harrington and Raper, 1968) , and the total protein concentration was determined by Bradford, (1976) method. Ninhydrin method was quantitatively used to determine the presence of amino acid (Kay et al., 1956 ). The elemental analysis was carried out with SEM equipped with elemental analyser. Prior to SEM analysis, 5mg of bioflocculant, was added on slides coated with silicon and fixed by spin coater at rpm, 60s. The functional groups of the produced TPT -1 were assessed by a Fourier transform infrared (IR) spectroscopy (Okaiyeto et al., 2013) . The solubility test was done in different solvents (water, benzene, acetone, ethyl acetate, chloroform, dichloromethane, ethanol, hexane, methanol and butanol) (Zaki et al., 2011) . Determination of optimum dosage of the produced bioflocculant was done in different dosages (0.2 to 1.0 mg/ml) (Okoh and Ugbenyen, 2014) Effect of cations, salinity, pH and thermal on the flocculating activity of TPT
The synergistic effect of cations (KCl, NaCl, MnCl2, CaCl2, BaCl2 and FeCl3) on the flocculating activity of the bioflocculant was evaluated (Okaiyeto et al., 1013) . The effect of salinity on bioflocculant activity was determined by varying NaCl concentrations (5 to 35 g/L) in Kaolin solution (4g/L). The effect of pH on the flocculating activity of the purified bioflocculant was assayed according to Okaiyeto et al. (2013) , whereby the pH of Kaolin solutions in separate flasks were adjusted using KOH and HCl in a range of 3 to 12 prior to the assessment of the flocculating activity of the bioflocculant. Thermal stability of the purified bioflocculant was determined at different temperatures (50 to 100°C) (Wang et al., 2011) . The pyrolysis analysis of the purified bioflocculant was assessed at the range of 22 to 900°C at a rate constant of 10°C min -1 under constant flow of nitrogen gas using thermo-gravimetric instrument (Okaiyeto et al., 2013) .
Zeta potential
The zeta potential of the bioflocculant TPT -1 , Kaolin solution, Kaolin solution with BaCl2, Kaolin solution with both BaCl2 and bioflocculant TPT -1 were measured by a ZetaSizer Nano (Malvern, UK) to determine and propose the flocculation mechanism involved during flocculating of Kaolin particles in suspension by of bioflocculant TPT -1 (Aljuboori et al., 2015) . The pH of the suspensions were adjusted to pH 3 using HCl or KOH. The zeta potential of each sample was determined using a Malvern Zetasizer Nano with clear disposable cuvettes at 25°C. The cuvettes were thoroughly washed and 2.5 ml of samples were injected carefully whilst avoiding any air bubbles in the cuvette.
Statistical analysis
The data was obtained in triplicate experimentation and subjected to one-way analysis of variance (ANOVA) using the MINITAB Student Release 12 statistical package. A significance level of p ˂ 0.05 was used. Table 1 displayed the effect of inoculum size of mixed bacterial isolates on bioflocculant TPT -1 production. The inoculum size of 2% (v/v) gave the highest flocculating activity (93%) compared to the other four sizes. The increase or decrease in inoculum size led to a slight decrease in the flocculating activities. Thus, an inoculum size of 2% was used in all experiments.
RESULTS
Inoculum size
Effect of carbon and nitrogen sources on flocculating activity
Bacteria in consortium utilized various carbon and nitrogen sources in the culture medium. Glucose was the most preferred carbon source with the highest flocculating activity of 80.5%, followed by lactose with 70.5% (Table 1) . Fructose, sucrose, maltose, xylose, starch and molasses were poorly utilised by the bacteria for bioflocculant production as shown by the low flocculating activities which were generally less than 70%. The effect of different nitrogen sources on bioflocculant production was studied and the results were illustrated in Table 1 . All the nitrogen sources showed a potential to be used in bioflocculant production as they resulted in flocculating activities above 80%. Ammonia sulphate was the most preferred nitrogen source with the highest flocculating activity of 97% while casein had the least flocculating activity (80%). Table 1 demonstrated the effect of metal cations on flocculating activity. All the cations used, including the control (without cation), stimulated flocculation process and resulted in over 70% of flocculating activities. Ba 2+ was the most active and preferred metal cation, resulting with the highest flocculating activity of 96%. Fe 3+ showed the lowest flocculating activity of 77%.
Cations effect on flocculating activity
Effect of temperature on flocculating activity
Fermentation temperature has an impact on bioflocculant production. Figure 1 illustrated the effect of fermentation temperatures on flocculation activity. When the fermentation temperature was 30°C, the flocculating activity reached the maximum of 96%. The increase or decrease in fermentation temperature above or below 30°C resulted in the decrease in flocculating activity. Thus, 30°C was used as the optimal temperature for the bioflocculant production. Figure 2 shows the effect of initial pH of the fermentation medium on the flocculating activity. The bacteria in consortium maintained over 80% of flocculating activity over the weak acidic (pH 5 to 6) and alkaline (pH 8), with the highest flocculating activity (97%) at pH of 6. It was observed that highly alkaline pH 10 to 12 did not favour bioflocculant production and resulted in poor flocculating activity of less than 70%; pH 12 gave the least flocculating activity of 44%.
Effect of Initial pH on flocculating activity
Time course
The effect of time course on flocculating activity (FA), bacterial growth (shown as optical density (OD)) and pH are shown in Figure 3 . The flocculating activity increased relatively to the bacterial growth until 72 h of fermentation. The highest flocculating activity (90%) was obtained after 72 h. A slight decrease in flocculating activity was observed after 72 h. The initial pH of the medium dropped constantly from the initial pH of 6.0 to the final pH of 4.3.
Bioflocculant yield and solubility
The purified bioflocculant TPT -1 of 3.0 g was obtained from 1 L of fermentation broth of consortium of B. pumilus JX860616 and A. faecalis HCB2. The extracted and purified bioflocculant was insoluble in all solvents, with the exception of water as a solvent (Table 2) . Table 3 shows the results obtained during dosage size assay. The high flocculating activity of 84% was obtained at the low bioflocculant concentration of 0.2 mg/ml. Although 0.2 mg/ml is half of 0.8 mg/ml in concentration, it gave significantly high flocculation activity (84%) and was thus the more preferred over 0.8 mg/ml that had 86% of flocculating activity.
Effect of bioflocculant dosage size on flocculating activity
Effect of metal cations on flocculating activity of the bioflocculant
Cations enhance flocculating rate by neutralizing and stabilizing the residual negative surface charge of the functional groups on the bioflocculant. The flocculating activity of bioflocculant was greatly stimulated by the addition of Li + , Mn 2+ and Ba 2+ at concentrations of about 1% (Table 1) . These cations showed the flocculating activity above 80%. Ba 2+ was the most preferred metal cation with the flocculating activity of 89%, while Fe 3+ was the least cation with the flocculating activity of 56%. Figure 4 shows SEM surface images. TPT -1 had a porous and crystal-like morphology (Figure 4a) . Kaolin particles revealed a fine and smooth structure (Figure 4b ) and the clump like structure was observed in flocculated Kaolin particles (Figure 4c ).
Physicochemical composition of the bioflocculant TPT -1
Electrical charge of the bioflocculant
The surface charge of TPT -1 was determined and the results were illustrated in Figure 5 . The bioflocculant had a surface negative charge of -15.1 mV, as illustrated by the ZetaSizer Nano. The zeta potential of TPT -1 revealed the bioflocculant as an anionic biomolecule.
Chemical composition of bioflocculant TPT -1
TPT -1 was Ninhydrin positive. The UV-vis spectrum of the bioflocculant demonstrated a sharp absorption peak at 289 nm, which was a characteristic of proteins ( Figure 6 ). Thus, the results suggested that the bioflocculant had protein content.
Chemical composition of bioflocculant TPT -1 Table 4 shows the quantitative chemical composition of TPT -1
. The bioflocculant was predominantly composed of the total carbohydrates (83.1%) and trace protein content (9.7%). 
Elemental and functional group analysis
IR spectrophotometry analysis
The functional groups of TPT The effect of temperature on flocculating activity of bioflocculant TPT -1 is shown in Figure 9 . There was a slight, insignificant drop in flocculating activity with the increase in temperature. TPT -1 also showed high flocculating activity of 86% even at 100°C after an hour of heat exposure. Figure 10 shows the pyrolysis properties of bioflocculant TPT -1 . The first degradation was observed at 150°C. The two other degradation temperatures were observed at 270.03 and 402.58°C.
Pyrolysis property of TPT -1
pH stability of bioflocculant TPT -1 Figure 11 presented the effect of pH on flocculating activity of the bioflocculant. The flocculating activity of TPT -1 was more than 80% in the acidic conditions (pH 3 to 6) and the maximum flocculating activity (89%) was at pH 3.0. pH 12 demonstrated the least flocculating activity of 58%. The effect of Na + concentration on the flocculating activity of bioflocculant TPT -1 is illustrated in Table 5 . The flocculating activity of the bioflocculant decreased proportionally with the increase in Na + concentration.
However, TPT -1 maintained high flocculation activity (79.4%) even at the high salinity (35 g/L). Table 6 illustrates the zeta potential values of the b c a Figure 6 . UV-vis spectrum of the purified TPT -1 . . There was an increase in the zeta potential with the addition of Ba 2+ . Thus, it was suggested that Ba 2+ mediated bridge flocculation mechanism between the bioflocculant and Kaolin particles in solution.
Proposed flocculation mechanism of TPT -1
DISCUSSION
Biologically, synthesised active bioflocculants are produced in extremely low quantities naturally. This is due to the fact that they are none essential for microbial survival or are present in sufficient amounts to satisfy -1 Figure 9 . Effect of temperature on flocculating activity of bioflocculant TPT.
-1 their primary needs. Low productivity often translates economical unfriendliness especially at industrial level (Barredo, 2005) . Thus, to increase bioflocculant production and improve flocculating activity, optimization of cultivation conditions are done. Naturally, microorganisms coexist in ecological niches and have relationships that have all positive effect on biological adequacy of all interacting species. Microbial species interact with one another and with physicchemical surroundings in diverse ways, forming convoluted relationships which include symbiosis and synergism (Manahan, 2005) . Thus, it have been reported that mixed microbial strains in consortia produce bioflocculants that have better flocculating activity and higher yields than pure strains (Zhu et al., 2004) .
The growth kinetics of cultured bacteria and the production of bioflocculant synthesis greatly depended on inoculum size. Small inoculum sizes lengthen the stagnant phase during bioflocculant synthesis while large inoculum sizes cause a niche overlap and thus tend to hinder bioflocculant production (Aljuboori et al., 2014) . The optimum inoculum size was 2% (1 ml (v/v)) and gave Figure 11 . Effect of pH on flocculating activity of TPT.
-1 the highest flocculating activity (93%) (Table1). The desirable inoculum sizes range from 1 to 5% (v/v) (Okoh et al., 2012) , and 2% inoculum size was within the preferred range.
Bacterial strains acquire their energy for metabolic processes and reproduction by mediating chemical reactions. The bulk of net energy-yielding or energy consuming metabolic reactions in microorganisms involves change in the oxidation state of carbon or nitrogen elements in substrates (Mahan, 2005) . Table 1 T e m p e ra tu r e showed the effects of various carbon and nitrogen sources on bioflocculant production. Glucose was the most preferred carbon source, yielding flocculation activity of 80.5±9.07%. Okoh et al, (2012) , found identical observations whereby glucose enhanced production of bioflocculant by mixed culture of Streptomyces sp. Gansen and Cellulomonas sp. Okoh. Yeast extract revealed to be the most preferred nitrogen source, resulting in flocculating activity of 97.4±0.57%. Cations enhance flocculation by accelerating bridge formation between colloids and bioflocculants (Lu et al., 2005) . Cations increase the initial adsorption of bioflocculants onto colloids by decreasing the negative charges on functional groups of bioflocculants and colloids. Table 1 showed that all divalent cations used, significantly improved flocculation giving the flocculation activities above 80%. Ba 2+ was the most profound cation with the highest flocculation activity of 96.2±1.25%.
The cultivating temperature of microorganisms has direct relationship with their metabolism. Maximum enzymatic reactions for bioflocculant production are obtained at the optimum temperature. A lower culture temperature may cause bacteria to hibernate and delay activation of bioflocculant production while the high temperature can denature enzymes and thus limit bioflocculant production. Bacteria in consortium had the maximum flocculating activity (96%) at 30°C (Figure 1) . The results resembled those by Zhang et al. (2007) , whereby strain BAFRT4, HXCS2, HXTD2, CYGS1 and CYGS4 in consortia had the highest flocculating activity at at 30°C.
The initial pH of the culture medium affects bioflocculant production. Initial pH determines the electric charge of the microbial cells and the oxidation-reduction potential, which in turn can affect biochemical reactions and adsorption of nutrients. Summarily, initial pH affects the biosynthesis of bioflocculants and bacterial growth (Zhang et al., 2007) . The initial pH of 6 was the optimum pH for the fermentation medium, yielding 97% of the flocculating activity (Figure 2) . B. pumilus JX860616 and A. faecalis HCB2B might have had symbiosis or synergism relationship, which enabled them to survive and produce bioflocculant within a wide range of pH (Manahan, 2005) . The findings were similar to those reported by Zhang et al. (2007) , whereby the initial pH of 6 was the best pH for bioflocculant production by strain BAFRT4, HXCS2, HXTD2, CYGS1 and CYGS4 in consortia. Figure 3 shows that the flocculating activity increased in parallel with cell growth for the first 72h. This suggested that the bioflocculant accretion in the medium during exponential growth phase was produced by biosynthesis and not cell autolysis (Okoh et al., 2012) . The flocculating activity decreased slowly after 72h, and it was assumed to be due to cell autolysis and partial decrease in enzymatic reactions. Okoh et al. (2013) also found that the flocculant production by consortium of Methylobacterium sp. and Actinobacterium sp. Mayor was at its peak after 72 h.
Moreover, the initial pH of the medium dropped constantly from the initial pH of 6.0 after 12h to the final pH of 4.3 (Figure 3 ). The decrease in the initial pH value might be due to the acidic components of the produced bioflocculan (Gomaa, 2012) .
Three grams of the purified bioflocculant TPT -1 was obtained from 1 L of fermentation broth of consortium of B. pumilus JX860616 and A. faecalis HCB2 B. Zhang et al. (2007) reported the highest bioflocculant production (15 g/L) ever, from multiple-microorganisms consortium in a litter. The obtained yield was five times lower in quantity. Nevertheless, it was higher than the yields mostly produced by single bacterial isolates (Lin and Harrichurd, 2011) .
Solubility is as the result of solvation of polar and charged groups on the surface of bioflocculant molecule (Walker and Wilson, 2005) . TPT -1 was soluble in water but insoluble in all other solvents used ( Table 2 ). The presence of hydroxyl groups might have built up strong forces of attraction between bioflocculant TPT -1 make-ups and resulted in relatively rigid crystalline solids -whereby hydrogen bonding could occur. Since these strong forces were not dissociable by organic solvents, the bioflocculant TPT -1 was insoluble in all organic solvents (Patil et al., 2011) . The solubility of TPT -1 in aqueous solution was due to the principle that "like dissolve like " (Boyd, 2015) . Thus, polar and charged functional groups of TPT -1 were solvated by aqueous molecules. The hydroxyl groups of the bioflocculant have the probability of forming hydrogen bonds with water, thus making TPT -1 soluble and hydrophilic (Patil et al., 2011) .
Low dosage or over-dosage of bioflocculant often turns to lower flocculation activity (Cosa et al., 2013) . Table 3 shows that the highest flocculating activity (85.03 ± 2.63%) was at the high concentration of 0.8 mg/ml. However, there was no significant difference between 0.2 mg/ml and 0.8 mg/l in flocculating activity. Thus, 0.2 mg/ml have the most preferred dosage size with the flocculating activity of 78.6 ± 3.33%. At a very low concentration of 0.2 mg/ml, the bridging flocculation mechanism of the bioflocculant was effectively enhanced as most Kaolin particles in solution which have enough bioflocculant molecules to bind to. The low concentration implied that the bioflocculant TPT -1 is potentially economical . Lu et al. (2005) reported that cations have significant effect on flocculation. Cations are used as coagulant aids in achieving high flocculation activities by neutralizing the negatively charged functional groups of bioflocculants and suspended particles, thereby increasing the adsorption of bioflocculants to the suspended particles (He et al., 2010) . The stimulating effect of cations in flocculation is dependent on the concentration of the cations as well as the valence ions . The obtained results affirmed the hypothesis ( (Badireddy et al., 2010; Li-Fan and Cheng, 2010) . The SEM images in Figure 4 , revealed bioflocculant TPT -1 to be crystal-like in structure (Figure 4a) .
The configuration of TPT -1 might be accountable for its flocculation activity. The Kaolin clay particles (Figure 4b ) appeared to be fine and evenly scattered and the floc seemed to be clustered together (Figure 4c ). The observations were in consistent with the findings of Zhang et al. (2007) , whereby the images of the flocculated Kaolin particles appeared aggregated.TPT -1 was Ninhydrin positive, implying that amino acids were one of the components of the bioflocculant (Gomaa, 2012) . The zeta potential spectrum showed bioflocculant TPT -1 to be negatively charged (−15.1 mV) ( Figure 5 ).This implied that the nature of bioflocculant TPT -1 is anionic. The net negative charge of the bioflocculant TPT -1 was concluded to be from the carbohydrates and proteins contents, which normally have the negatively charged functional groups (carboxyl groups) (Liu et al., 2015) . Proteins usually show absorption peaks in the range of 275 to 280 nm and between 265 to 295 nm, the absorbance often originate from exposure of the tryptophan residue (Lucas et al., 2006) .
The UV-vis spectrum in Figure 6 , displayed a clear absorption peak at 289 nm, which have distinctive characteristic of protein. There was no characteristic absorption peak observed at 260 nm, implying that bioflocculant TPT -1 had no nucleic acid composition. The total carbohydrates concentration of 83.1% w/w of the TPT -1 was much higher than the total protein concentration (9.7% w/w) ( Table 4) . The results confirmed the hypothesis that the predominant components of bioflocculants are carbohydrates (More et al., 2014) . Thus, it was assumed that carbohydrates were most active components in flocculation process. The elemental state of biomolecules, often consist of carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus, iron, sodium, calcium and magnesium (Singh and Kapoor, 2010) . . The presence of carbon, oxygen and nitrogen elements further confirmed TPT -1 as a glycoprotein bioflocculant (Devi et al., 2015) . The non-sugar components were little, although they may be responsible for flexibility and stability of TPT -1 (Cosa et al., 2013) .
The functional moieties of bioflocculant TPT -1 revealed by IR spectrum in Figure 8 , showed the presence of strong broad O-H stretch (3313 cm -1 ), which indicated the presence of alcohol (Cosa et al., 2013) . The carbonyl stretching absorption was observed between 1616 cm -1 and the C-N stretch (1080 cm -1 ), representing aliphatic amine. There was also a strong absorption peak at 593 cm -1 , representing presence of halo compound. The revealed functional groups were the major adsorptive forces of TPT -1 and were perceived to have been involved in flocculating activity of the bioflocculant (Wang et al., 2011) . The results also suggest that the functional groups were the binding sites for Ba 2+ , permitting an enhanced flocculation process (Zheng et al., 2008) .
Bioflocculant TPT -1 was heat stable and retained high flocculating activity of 86% at 100°C (Figure 9 ). The thermal stability of TPT -1 was in consistent with the fact that bioflocculants rich in polysaccharides are more thermally stable than those that are mainly proteinous in nature, which are thermally labile (Zaki et al., 2013) . The carbonyl and hydroxyl groups of TPT -1 , as shown by IR spectrum (Figure 8) , might have permitted the formation of hydrogen bonds which might be responsible for thermal stability of TPT -1 (Okoh and Ugbenyen, 2014) . Figure 10 illustrated the pyrolysis property of bioflocculant TPT -1 . The first degradation temperature (Td) was observed at 150°C. The higher the carboxyl content the greater the affinity of the bioflocculant to interact with water molecules. The observed initial weight loss between 35 and 150°C was due to loss of moisture content as a result of the levels of carboxyl groups present in bioflocculant TPT -1 . The decrease in weight after 150°C was credited to the first degradation of the bioflocculant TPT -1 and the onset decomposition further occurred at 270.03 and 402.58°C, which led to the drastic weight loss. However, the results suggested that bioflocculant TPT -1 is thermostable. The change in pH may affect the charge status of the functional groups of bioflocculants and the stability of colloidal materials and formation of bigger flocs, consequently affecting the flocculating activity (Zhang and Lin, 1999) . TPT -1 was found to be effective at a wide range of pH (pH 3 to 9), with the highest flocculation activity (89%) at pH 3 (Figure 11 ). However, the decrease in flocculating activity at pH 12, suggested the alkaline degradation of the bioflocculant TPT -1 , which could have resulted from changes that include molecular rearrangements of the polysaccharide chain fragmentation of the bioflocculant (Patil et al., 2011) . It was, thus assumed that the slight decrease in flocculation activity was due to OH -ions which might have inhibited the formation of flocs of TPT -1 and Kaolin particles in solution. At acidic pH, TPT -1 and the Kaolin particles were able to bind together, forming settleable flocs. The pH stability of the bioflocculant TPT -1 at low pH might be due to its chemical composition that is mainly polysaccharides .
The flocculating activity of TPT -1 decreased slightly in proportion to the increase in NaCl concentration ( Figure  12 ). This maybe due to the fact that high concentrations of Na + did interfere with the establishment of the flocs of bioflocculant TPT -1 and Kaolin particles. Moreover, high concentrations of Na + may also have denatured some functional moieties of TPT -1 that might be responsible for flocculation process (Aljuboori et al., 2015) . However, TPT -1 maintained high flocculation activity (79.4%), even at high Na + concentration (35 g/L). The saline stability of TPT -1 maybe due to the fact that the bioflocculant was produced by marine bacterial isolates, which survive in marine environment and is characterised by high NaCl concentrations (35 g/L), of which 61.2% is the salt and sodium chloride. Thus, TPT -1 has potential effectiveness in high salinity water bodies. The results were similar to the findings by Li et al. (2008) , whereby EPS SM9913 showed high flocculating performance at high salinity of 5 to 100% .
Zeta potential shows the strength of the repulsion force between colloidal particles and the distance which must be overlapped to allow particles to agglomerate together and is measured in millivolts (mV) (Hadgson et al., 2004) . The zeta potential values of TPT -1 , Kaolin suspension, Kaolin particles plus BaCl 2 and flocculated Kaolin particles with BaCl 2 and TPT -1 were all negative (Table 6 ). In Kaolin suspension, the net zeta potential significantly increased with an addition of BaCl 2 and bioflocculant. The flocculation process of the negatively charged Kaolin particles by the anionic TPT -1 might also be activated by cationic bridge formation between Kaolin particles and the functional groups of the bioflocculant molecule. Based on these results, it was concluded that Ba , forming bridges that aggregated Kaolin particles together. Ba 2+ compacted the double layer of Kaolin particles, deteriorated the static repulsive force between Kaolin particles and reduced the distance between Kaolin particles and the functional groups of TPT -1 (He et al., 2010) . The observations were similar to those of Song et al. (2014) , whereby the bridging mechanism was concluded as the main flocculation mechanism of bioflocculant ETH-2.
Conclusion
Bioflocculant TPT -1 is an anionic, heat stable glycoprotein molecule which is best produced when glucose and yeast extract are used as energy sources in optimum fermentation conditions (30°C, 165 rpm, initial pH 6 and 72 h). The produced bioflocculant TPT -1 (3.0 g/L) had good flocculating activity at low concentration (0.2 mg/ml) and performed effectively in a wide range of pH and salinity. The bridging mechanism was involved during flocculation of Kaolin particles. Ba 2+ effectively mediated flocculation by neutralizing and stabilizing the TPT -1 residual functional groups. The revealed properties of TPT -1 suggested its potential in industrial applicability. For further studies, the bioflocculant TPT -1 will be applied on wastewater treatment and the molecular methods will also be done so to increase the bioflocculant yield.
